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Abstract 
Shallow lakes are one of the most abundant lake type in the world. During the last 
decades, many of these lakes have shifted from a clear to a turbid state as a 
consequence of cultural eutrophication. This is the case of Albufera de Valencia, a 
lake that shifted to turbid state in the beginning of the 1970s. Today the lake remains 
turbid and can be regarded as hypertrophic, therefore illustrating the final state of 
eutrophication. The present work aims to improve the knowledge on the ecological 
functioning of shallow hypertrophic lakes, for which information is scarce, especially 
in the warm-temperate zone. In order to do so, we investigated diel and seasonal 
variations in bacterial secondary production (BP) by measuring 3H-leucine and 3H-
thymidine incorporation rates (LIR and TIR). We assessed the effect of light/dark 
incubations on LIR and TIR and explored the upper limit of BP in hypertrophic 
systems. In the present work, we also analysed the diel and seasonal variations in 
phytoplankton primary production (PP) and its relationship with BP. Moreover, we 
characterized the grazing habits of the natural zooplankton community in the lagoon 
during two distinct periods:  end of winter/onset of spring and mid spring, 
characterized by non-cyanobacteria vs cyanobacteria dominance, respectively. 
Likewise, we studied the contribution of different algal and bacterioplankton size 
fractions to zooplankton feeding. Finally, we developed a model aiming to reproduce 
the ecological processes that determine phytoplankton dynamics in the lake. The 
model simulates two elemental cycles (N and P), two phytoplankton groups 
(cyanobacteria and non-cyanobacteria), and heterotrophic bacteria. We examined the 
ability of the model to simulate the observed plankton dynamics, while taken into 
consideration the uncertainty associated with the external forcing factors. We 
performed a sensitivity analysis to detect the most influential parameters and utilized 
the model to evaluate the phytoplankton response to potential restoration actions. 
These actions involved the modification of both external nutrient loadings and 
flushing rates. We found that under hypertrophic conditions, bacterial activity shows 
an evident diel pattern with an increasing trend during the night that opposes diel 
variations in DOC. Our study indicates that BP remains fairly constant across seasons 
but declines in late winter during a period of high water flow through the lagoon and 
concomitant minimum chlorophyll-a values. Seasonal variations in the LIR:TIR ratio 
are apparently related to dissolved organic carbon (DOC) availability, with higher 
concentrations favoring the incorporation of leucine. The light:dark ratio of LIR and 
TIR is close to 1 but tends to be >1 when DOC concentrations were lower, namely in 
winter. In view of the latter results, we support the use of either light or light/dark 
combined incubations for the estimation of BP. Despite our BP estimations are 
considerably high, they do not exceed previous values in hypertrophic lakes. In the 
present study, we found that PP displays noticeable diurnal variations defined by the 
solar radiation curve. Likewise, PP changes significantly across seasons, reaching the 
maximum in spring concomitant to high chlorophyll-a levels, and the minimum in 
winter, coinciding with maximum water transparency and short water residence times. 
Our results suggest that there is no coupling between PP and BP, with a possible 
explanation being the high availability of dissolved organic carbon in the water 
column. Further, our findings indicate that the extracellular dissolved organic carbon 
released by phytoplankton is sufficient to meet bacterial carbon demand in the 
experimental dates explored, suggesting that allochthonous carbon sources play a 
minor role in sustaining BP, though they cannot be excluded. Our work concerning 
zooplankton grazing shows that clearance rates (CR’s) of Daphnia magna (dominant 
species in the end of winter/onset of spring), and Bosmina longirostris (dominant 
species in mid spring) for phytoplankton and bacteria are low, probably as a result of 
the high abundance of filamentous cyanobacteria. Whereas D. magna displays 
unselective feeding habits, with practically equal CR’s for phytoplankton and bacteria, 
B. longirostris feeds preferably on cells 1-15 µm. According to our results, the 
microbial loop and the classical grazer trophic web are strongly coupled during early 
spring in the lake. However, during periods of cyanobacteria dominance, the coupling 
between the microbial and classical trophic webs is weak, and therefore the microbial 
loop contributes poorly to the energy transfer to higher trophic levels. Our study also 
indicates that a negligible proportion of the standing stock of bacteria and especially 
phytoplankton biomass is consumed by zooplankton grazing, supporting the idea that 
the ability of zooplankton to control phytoplankton growth in hypertrophic systems is 
reduced. Finally, we developed a biogeochemical model that successfully simulates a 
series of important water quality variables in the ecosystem, comprising total 
chlorophyll-a, nitrate, ammonia, total nitrogen and total phosphorus. The sensitivity 
analyses revealed that the portrayal of the phytoplankton growth strategies and related 
settling rates is critical for obtaining a model that can be reliably utilized as a 
management instrument. We identified the external nitrogen and phosphorus loadings 
as the dominant factors defining the system dynamics and therefore, their control 
should constitute the main target of local management plans. Finally, our results 
indicate that the manipulation of the flushing rate of the lagoon could additionally 
serve as an efficient management tool for its restoration. 
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Parte I
Ciclo del carbono en  
la Albufera de Valencia

Capítulo I
Variaciones diarias y estacionales de producción bacteriana en 
un lago somero hipertrófico
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Capítulo II 
Producción primaria en condiciones hipertróficas y su relación 
con la producción bacteriana

Capítulo II. Onandia, G., Miracle, M.R., Vicente, E. 2014. Primary production under
hypertrophic conditions and its relationship with bacterial production. Aquatic
Ecology, 48 (4): 447-463. DOI 10.1007/s10452-014-9497-9.
Capítulo III 
Consumo de poblaciones naturales de algas y bacterias por el 
zooplancton en condiciones hipertróficas

Zooplankton grazing on natural algae and bacteria under 
hypertrophic conditions
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Figure 1. Relative contribution of the different groups of zooplankton, phytoplankton and 
bacterioplankton to natural plankton biomass in the lake on the experimental dates. B: biomass 
(µgC/mL).  
 Alimentación zooplancton
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29/03/2011 17/05/2012
Zooplankton
Cladocera 0.23 1.75
Copepoda 0.51 0.58
Rotifera 0.82 0.46
Phytoplankton (x 10
3
)
Filamentous and colonial cyanobact  (inedible) 69 764
Edible cyanobacteria 7 200
Diatoms 43 107
Chlorophytes 31 44
Other 51 6
Heterotrophic bacteria (x 10
6
)
Bacteria < 0. 6 µm 18.2 17
Bacteria  0.7-3 µm 12.8 8.4
Filamentous bacteria 1.3 1.9
Abundance (ind/mL)
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D. magna < 25
Mass specific carbon IR* (pgC pgC
-1
 h
-1
)
Assimilation efficiency  (%)
B. longirostris 1 - 15 3 - 15 1 - 3 1 - 3 < 1
Mass specific carbon IR* (pgC pgC
-1
 h
-1
) 32.5 21.4 ± 5.9 3 ± 0.3 4.6 ± 1.4 0.7 ± 0.2
Assimilation efficiency  (%) 44 ± 20 52 ± 8 53 ± 20 73 ± 11
* IR: ingestion rate
Algae Bacteria
 Labeled size in food suspensions (µm)
51 ± 9
  0.036 ± 0.004 
56 ± 2
   0.054 ± 0.005 
< 3
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Mean mass specific carbon ingestion rate for B. longirostris decreased with cell size
in the tested food suspensions (Table 3). B. longirostris assimilated around 50% of the
ingested carbon, with the exception of higher values for bacteria < 1 µm (Table 3).
Figure 4. Mean ingestion rates (µm3 ind-1 h-1) of D. magna and B. longirostris in March 2011
and May 2012 for the different labeled organisms.
CR’s of the zooplankton 50 – 100 µm size fraction, consisting of Keratella cochlearis
and a small proportion of A. americanus naplii (Fig. 5a) differed significantly across
different food suspensions. Filtering rates on algae in the size range 3-15 µm were
significantly higher than those on algae in the size range 1-3 µm and on bacteria (p <
0.05, n = 28, Kruskal-Wallis test; pairwise comparison).
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End of winter/onset of spring grazing experiments
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Fig. 5.3. Modelo conceptual del ciclo del fósforo: (a) funciones externas de forzamiento para 
el crecimiento de fitoplancton (temperatura, radiación solar);  (b) consumo por parte del y 
fitoplancton; (c) metabolismo basal de fito- y zooplancton liberado en forma de PO4 y O. ; (d) 
mineralización de OP; (e) sedimentación de partículas; (f) depredación de detritus; (g) flujos 
de PO4, y OP desde el sedimento por difusión, resuspension del viento y bioturbación;  (h) 
aportes externos de PO4 y OP; (i) salidas de PO4 y OP.  
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Fig. 5.2. Modelo conceptual del ciclo del nitrógeno: (a) funciones externas de forzamiento 
para el crecimiento de fitoplancton (temperatura, radiación solar); (b) consumo por parte del 
bacterio- y fitoplancton; (c) metabolismo basal de bacterio-, fito- y zooplancton liberado en 
forma de NH4 y ON; (d) mineralización de ON; (e) sedimentación de partículas; (f) 
depredación de detritus; (g) flujos de NO3, NH4 y ON desde el sedimento por difusión, 
resuspension del viento y bioturbación; (h) aportes externos de NH4, NO3 y ON; (i) salidas de 
NH4, NO3 y ON.  
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Resultados
Producción por parte de las bacterias heterótrofas en condiciones 
hipertróficas
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Producción primaria fitoplanctónica en condiciones hipertróficas y su
relación con la producción bacteriana
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drástico descenso en los niveles de nitrógeno disuelto (DIN) y del ratio DIN/SRP 
(fósforo reactivo soluble) con respecto a primavera y verano.
Con respecto al acoplamiento entre la PP y PB (Fig. 5.6), no se observó ninguna
correlación significativa ni entre los valores horarios, ni entre los valores diarios 
integrados (mg C m
-2
 h
-1
o mg C m
-2
 d
-1
). La comparación entre estas variables, 
cuantificada en forma de valores diarios integrados (PBD y PPD), mostró que la PBD 
representó aproximadamente entre el 2 y el 40 % de la PPD en las fechas estudiadas. 
Mientras en primavera y verano (periodos de elevada PPD) la PBD representó una 
pequeña proporción de la PPD (2-5 %), en invierno esta proporción aumentó 
considerablemente, ??????????????????????????????????????????????????????? ?????????
por el fitoplancton de manera contemporánea durante la fotosíntesis (EDOC) fue 
mayor que la demanda bacteriana de carbono o carbono requerido por las bacterias 
para la producción bruta (producción neta más respiración) en todas las fechas 
experimentales.  
Fig. 5.6. Valores diarios integrados de producción primaria (PPD) y producción bacteriana
(PBD) en las fechas experimentales.
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Características filtradoras de la comunidad zooplanctónica en condiciones 
hipertróficas
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Fig. 5.6. Comparación entre los valores mensuales observados y simulados por el modelo 
para cianobacterias, no-cianobacterias, fitoplancton, amonio, nitrato, nitrógeno total (TN), 
fósforo total (TP) y bacterioplancton heterótrofo durante el periodo de calibración (2010). 
Los puntos verdes representan las observaciones y las líneas sólidas las predicciones del 
modelo. Las líneas discontinuas representan los márgenes de incertidumbre del 95% 
asociados a las funciones externas de forzamiento del modelo. 
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Fig. 5.7. Comparación entre los valores mensuales observados y simulados por el modelo 
para cianobacterias, no-cianobacterias, fitoplancton, amonio, nitrato, nitrógeno total (TN), 
fósforo total (TP) y bacterioplancton heterótrofo durante el periodo de validación (2011). 
Los puntos verdes representan las observaciones y las líneas sólidas las predicciones del 
modelo. Las líneas discontinuas representan los márgenes de incertidumbre del 95% 
asociados a las funciones de forzamiento externas del modelo.
E
N
E
FE
B
M
A
R
A
B
R
M
A
Y
JU
N
JU
L
A
G
O
S
E
P
O
C
T
N
O
V
D
IC
Ba
ct
er
ia
s 
(m
gC
 L
-1
)
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
E
N
E
FE
B
M
A
R
A
B
R
M
A
Y
JU
N
JU
L
A
G
O
S
E
P
O
C
T
N
O
V
D
IC
Fi
to
pl
an
ct
on
 to
ta
l (
 g
 C
hl
-a
 L
-1
)
0
50
100
150
200
250
300
350
E
N
E
FE
B
M
A
R
A
B
R
M
A
Y
JU
N
JU
L
A
G
O
S
E
P
O
C
T
N
O
V
D
IC
C
ia
no
ba
ct
er
ia
s 
 (
g 
C
hl
-a
 L
-1
)
0
50
100
150
200
250
300
E
N
E
FE
B
M
A
R
A
B
R
M
A
Y
JU
N
JU
L
A
G
O
S
E
P
O
C
T
N
O
V
D
IC
No
-c
ia
no
ba
ct
er
ia
s 
 (
g 
C
hl
-a
 L
-1
)
0
50
100
150
200
250
300
E
N
E
FE
B
M
A
R
A
B
R
M
A
Y
JU
N
JU
L
A
G
O
S
E
P
O
C
T
N
O
V
D
IC
TN
 (m
g 
L-
1)
0
2
4
6
8
E
N
E
FE
B
M
A
R
A
B
R
M
A
Y
JU
N
JU
L
A
G
O
S
E
P
O
C
T
N
O
V
D
IC
TP
 (
g 
L-
1 )
0
50
100
150
200
250
E
N
E
FE
B
M
A
R
A
B
R
M
A
Y
JU
N
JU
L
A
G
O
S
E
P
O
C
T
N
O
V
D
IC
NH
4 
(m
g 
L-
1 )
 
0.0
0.1
0.2
0.3
0.4
0.5
E
N
E
FE
B
M
A
R
A
B
R
M
A
Y
JU
N
JU
L
A
G
O
S
E
P
O
C
T
N
O
V
D
IC
NO
3 
(m
g 
L-
1 )
 
0
1
2
3
4
5
Capítulo V
165
??? ????????? ??? ????????????? ??????? ???? ???? ??????????? ??? ?????? ??????????? ????? ???
????????????? ?????? ?? ??? ???????? ??? ??????????????? ??????? ????????????????? ????
????????????????? ??????????????????????????????????????????????????????????????????
???????????????????? ????????? ??????????? ????????????? ????????????? ???? ??? ????????????
???????????????????????????????????????????????????????????????????????????????????????
???? ??????? ???????? ??? ???????? ?? ?????????? ??? ?????????????????? ?? ????????????????
??????????????????
?????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????
?? ???? ?????????? ????????? ??????????? ?????????????? ???? ??? ???????? ? ????? ???
????????????????????????????????????????????????????????????????????????????????????????
??? ??????????? ????????????? ???? ??? ??????? ?????? ???????? ??? ???????????????? ???
??????????? ??????????? ???? ??? ?????? ??????? ??? ???? ???????? ?????????????? ???????? ???
????????????????????????????????????????????????????????????????????????????????????????
?????? ?????????????? ????????????? ???? ??? ???????? ???????????? ?????????????????????
???????????????????????????????????????????????????????????????????????????????????????
??? ??? ?????? ??? ???? ???? ?????? ?? ???? ????????? ??? ??????? ???? ????????? ???????? ??
????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????
???? ???????? ?????????? ???????????????? ??? ????? ????????? ??? ????? ?? ??????? ??? ????
??????? ??? ??? ????? ???? ????????? ???? ???????? ????????? ?????? ????? ?? ???? ??? ?????? ?? ????
????????????????????????????????????????????????????????????????????????????????????
?????????????????????????????????????????????????????????????????????????????????????????
??? ???? ?? ??????? ??????? ?? ??? ???????????????? ???????? ??? ??????????? ??? ? ???? ?? ????
??????????
??????????????
???
Fig. 5.8?? ?????? ???? ????????? ???? ?????????? ????????? ??? ???????????? ????? ??? ???????????? ???
????????????? ?????????????? ?????????? ???????? ???? ???????? ???? ?????? ???? ?????????????? ????
???????????? ?????? ??? ?????? ?? ???????????? ????????? ??? ?????? ??? ???? ?? ???? ???????????????????????????????????????????????????????????????????????????????????????????????????
??? ???? ????? ?????? ??? ?????????? ???? ?????????? ????????????? ???? ????????? ?????????????? ?????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????
CIANOBACTERIASNO-CIANOBACTERIAS
2.6
PO4OP
Sedimento
Radiación solar Temperatura
1.8
4.1 1.6
1.1 0.7
1334
28 37
3
17
0.719
3.92.3
0.05
Consumo 
fitoplancton (b)Metabolismo 
basal del 
fito- y 
zooplancton 
liberado 
como OP (c)
Metabolismo basal del 
fito- y zooplancton 
liberado como PO4 (c) 
Salidas (i)
Carga 
terrestre (h)
Depredación (f)
Sedimentación (e) Flujos desde el 
sedimento (g)
0.5
Carga 
atmosférica (h)
(a)
Mineralización (d)
ZOOPLANCTON
??????????
???
Fig. 5.9????????????????????????????????????????????????????????????????????????????????????
????????????? ?????????????? ?????????? ???????? ? ???? ???????? ???? ?????? ???? ?????????????? ????
?????????????????? ??? ??????????? ?????? ?? ???????????? ????????? ??? ????????????? ?????? ??????????????????? ??? ???? ???? ?????????????? ??? ???????????? ???? ???????????? ??? ?????????? ????
??????? ??? ????? ???? ?? ??? ?????? ??? ?????????? ???? ?????????? ????????????? ???? ??????? ?????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
239
CIANOBACTERIAS
285
30
32
6
41
NO-CIANOBACTERIAS
53
66
BACTERIAS
NH4NO3ON
244
171 308
0,7
154
80 42
Sedimento
287
0.5
1665
2342
381
Radiación solar Temperatura
Sedimentación (e)
Depredación (f)
Carga 
terrestre (j)
Salidas (k)
Denitrificación (h)
341
2233
Flujos desde el
sedimento (g)
41
Consumo NO3
fitoplancton
Consumo NH4 fito- y 
bacterioplancton (b)
Metabolismo 
fatal del 
bacterio-, fito-
y zooplancton 
liberado como 
ON (c)
1121
57
Mineralización (d)
38
5
Metabolismo basal del bacterio-, fito-
y zooplancton liberado como  NH4 (c)
Carga
atmosférica (j)
6 76
(a)
Nitrificación (i)
0
ZOOPLANCTON
??????????????
???
??? ????????? ??? ??????????? ??????? ???? ?????? ??? ????????????? ??? ??? ?????????? ?????
??????????????? ?? ?????????????????? ??? ??????? ??????????????? ????????? ????
?????????? ??????? ??? ??????? ?????? ??? ??????? ??? ??????????? ?? ?????? ??? ???????????
???????????? ??????? ????? ?????????????? ???????? ????? ???? ???????????? ???? ???????????
???????? ??? ??????????????? ???????? ????????????? ?????????????????? ?????? ???????????
???? ????????????? ?????????????? ??????? ??????????????? ?? ??? ???????????????? ?? ????
?????? ??? ??????????? ???? ????? ????? ???????? ?????? ??? ??????????? ??????????
???????? ???? ????????????????????????????????????????????????????? ???? ??????????
??? ????????? ??? ??????? ???? ???????? ????? ???? ???????? ?????????????? ?????? ???????
???????? ????????? ??? ???????? ??????? ??? ????????? ????????? ?? ?????? ?????? ???
???????????? ? ??? ?????????? ????????? ??? ???????? ??? ????????????? ?????? ?? ???
??????????????????????????????????????????????????????????????????????????????
??? ???????? ??? ??????????????? ???????? ??? ????????? ????????? ??? ??????? ???????????
?????????
??????????
???
Fig. 5.10. Comparación de las predicciones del modelo para los valores de clorofila-a total, no-
cianobacterias y cianobacterias durante el periodo febrero-marzo para el rango indicado de
cargas de nutrientes y tasas de renovación. Las variaciones de nutrientes corresponden a
concentraciones ponderadas por el flujo de agua de cargas de 4.4 - 11.3 mg de nitrógeno total
L-1 y 130 - 340 μg de fósforo total L-1, respectivamente.
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